Abstract
A primary goal in the treatment of periodontitis is the removal of bacterial deposits and the arrest of disease progression (American Academy of Periodontology 2001). There is considerable evidence to support scaling and root planing (SRP) as one of the most commonly used procedures for the treatment of infectious periodontal diseases (Ramfjord 1980 , Badersten et al. 1981 , Cercek et al. 1983 , Badersten et al. 1984 , Lindhe et al. 1984 . As a final goal of SRP procedures, the complete removal of adherent plaque, calculus and infected root cementum is desirable (Aleo et al. 1975 , Fujikawa et al. 1988 , although a complete removal is rarely attained (Jones & O'Leary 1978 , Breininger et al. 1987 , Buchanan & Robertson 1987 , Kepic et al. 1990 , Sherman et al. 1990 .
In search for a more efficient and less difficult instrumentation, investigators have proposed lasers as alternatives or adjuncts for SRP in periodontal therapy (Morlock et al. 1992 , Neill & Mellonig 1997 . The thermomechanical ablation mechanism and the high absorption of its wavelength by water may qualify the Er:YAG laser in particular as an effective tool in periodontal and also in general dental applications . The effects of Er:YAG laser irradiation on periodontally involved root surfaces have been examined and its capacity to remove subgingival calculus and superficial layers of infected cementum has been demonstrated in vitro (Aoki et al. 1994 , 2000 , Keller et al. 1997 ). In comparison with other laser systems, the Er:YAG laser led to minor structural alterations on the root surface with no side-effects on the dental pulp , Paghdiwala et al. 1993 , Wigdor et al. 1993 , Israel et al. 1997 , Mehl et al. 1997 , Gaspirc & Skaleric 2001 . The Er:YAG laser showed a high bactericidal potential and the capacity to reduce lipopolysaccharide contamination of the root surface (Ando et al. 1996 , Yamaguchi et al. 1997 . The clinical outcome 6 months after periodontal therapy with an Er:YAG laser was equivalent to SRP (Schwarz et al. 2001a, b) .
The present in situ study was designed to compare the effectiveness of subgingival calculus removal by laser irradiation with conventional hand instrumentation.
Material and Methods

Selection of teeth
Twelve patients (age: 39-59 years) with untreated advanced chronic periodontitis contributed a total of 30 teeth. These single-rooted teeth were designated for extraction and exhibited bone loss of at least one-third of the root length, similar probing depth on the mesial and distal surfaces and radiographic evidence of subgingival calculus. Each patient was given a detailed description of the procedure and was required to sign an informed consent form prior to participation. The study was approved by the local ethic's committee.
Clinical measurements
Each subgingival tooth surface was evaluated for the presence of calculus with a CP-8 periodontal probe (HuFriedy, Leimen, Germany). Probing pocket depth was measured at 6 sites per tooth using a pressure-calibrated periodontal probe set at 20 g (Vivacare, Vivadent, Schaan/Lichtenstein).
Instrumentation of root surfaces
After local anesthesia of the teeth, supragingival plaque and calculus were removed. A groove was placed around the circumference of the tooth at the level of the gingival margin with a no. 2 round diamond bur in a high-speed handpiece. This groove provided a landmark for future microscopic evaluation of the subgingival root surface. The mesial or distal tooth surfaces were randomly assigned to laser or mechanical debridement. This instrumentation was performed by two experienced periodontists (S.J. and J.E.). One operator performed either laser treatment or mechanical debridement on one tooth surface, while the second treatment was performed by the other operator on the opposite tooth surface.
In a first group of 15 teeth (group 1 Â ), the treatment was initiated on one tooth surface using hand instruments. Teeth were scaled and root planed with Gracey curets (Hu-Friedy, Leimen, Germany) until the operator achieved a hard, smooth, calculus-free root surface as determined by tactile sensation with a dental probe. No time limits were placed on the operators for this mechanical debridement. The time for hand instrumentation was recorded and set as a time limit for the subsequent laser treatment of the opposite root surface.
An Er:YAG laser (KEY II, KaVo, Biberach, Germany) with a therapeutic wavelength of 2.94 mm and a pilot wavelength of 635 mm was selected for laser irradiation. An energy level of 160 mJ and a repetition rate of 10 to 15 Hz with water irrigation according to the instructions given by the manufacturer was used. For subgingival laser application, the handpiece P 2056 (KaVo, Biberach, Germany) attached to a fiber tip of 0.5 Â 1.65 mm was used (Fig. 1) . The fiber tip was moved from coronal to apical in parallel paths with an inclination of approximately 201 in relation to the root.
In a second group of 15 teeth (group 2 Â ) laser treatment was allowed twice the time used for mechanical debridement of the corresponding tooth surface. The teeth were extracted immediately after the procedure with forceps and care was taken to keep the beaks above the circumferential groove. The teeth were placed under cold running tap water for about 1 min to remove blood and loosely adherent debris. The teeth were then placed in a container with 10% buffered formalin solution.
Planimetric root surface evaluation
The teeth were transferred to 1% methylene blue for 2 min to stain the connective tissue attached to the teeth.
The teeth were viewed under a microscope and the images were captured and digitized with a magnification of 2 Â . The presence of calculus on the mesial and distal root surfaces was measured using the Scion Image planimetric analysis tool (Scion Corporation, MD, USA). The surface area under investigation was determined coronally by the gingival groove (bur mark) and apically by the coronal border of the connective tissue attachment. Laterally the margins were set 1 mm appart from the line angle of the tooth. Within these boundaries the root surface area covered by residual subgingival deposits was measured (Fig. 2) .
Scanning electron microscopic root surface evaluation
An impression was taken from the treated root surfaces (President, Coltene Whaledent, Altstätten, CH) and epoxy casts (Grace, Westerlo, Belgium) were made. The replicas were sputtered with gold and examined by scanning electron microscopy (XL30CP, Phillips, the Netherlands) with a magnification between 20 Â and 1000 Â .
Histological root surface evaluation
Nondecalcified hard tissue sections were made according to the method of Schönfeldt and Bössmann (1980) . Briefly, the formalin-fixed teeth were washed in ethanol and acetone. The specimens were embedded in methylmetacrylate (Fluka Chemie AG, Neu Ulm, Germany), cut in a mesio-distal plane, trimmed to sections of approximately 20 mm and stained with toluidine blue for 3 min. Five sections were obtained from each tooth specimen. The sections were analyzed under a Microphot-FXA (Nikon, Nippon) with a magnification of 20 Â and the image analysis system Leica Q 500 MC (Leica, Cambridge, UK). The following measurements were performed: (A) the distance from the coronal groove to the coronal margin of the periodontal tissue attachment, (B) the distance covered with residual mineralized deposits, (C) the distance of the root surface covered with cementum, and (D) the distance of the root surface with exposed root dentin. Each measurement was expressed as percent of the distance A. Finally, mean values were calculated for each tooth surface.
Microbiological evaluation
Subgingival samples were obtained from 18 sites (group 2x) before and immediately after treatment by laser or by hand instruments. Prior to sampling, the selected sites were cleaned supragingivally in order to avoid contamination. At each site, 2 sterile paperpoints were inserted, kept in place for 30 s and transferred to vials containing transport medium (Cary-Blair-Transport medium, Hain Diagnostika, Nehren, Germany), and processed within less than 2 h. Samples were homogenized by vortexing for 30 s in 2 ml of pre-reduced trypticase-soy-boullion (Becton & Dickinson, Heidelberg, Germany), and 1 ml each was used for culturing and for DNA probe analysis. Aliquots of 0.1 ml of serial dilutions were plated on trypticase-soy-agar supplemented with 5 mg/ ml vancomycin, 75 mg/ml bacitracin and 10% sterile horse serum (Oxoid, Wesel, Germany). Gram-negative species were selected on nonselective blood agar plates supplemented with 5 mg/ml hemine, 1 mg/ml Vitamin K 1 , 1 mg/ml menadione and 5% sterile sheep blood. Plates were incubated for 3 days in air 110% CO 2 to select microaerophilic microorganisms and for 5 days to select anaerobic microorgansims (Gas Pac, Becton & Dickinson, Heidelberg, Germany). Identification of isolates was based on the Crystal system (Becton & Dickinson, Heidelberg, Germany) and the numbers of colony forming units per milliliter (CFU/ml) were calculated.
For DNA-based identification of periopathogens DNA was extracted from 1 ml of the homogenized samples by the High Pure DNA Preparation Kit (Roche, Mannheim, Germany). The bacterial DNA was further processed as recommended by the manufacturer for the identification of specific periopathogens (Mikrodent-Kit, Hain Diagnostika, Nehren, Germany).
Statistical methods
The results of the planimetric and histological evaluation were computed as means and standard deviations (SD). The normal distribution of data was confirmed by the Kolmogorov-Smirnov test. Statistically significant differences between treatment modalities were evaluated by using the paired and unpaired samples t-test. The significance level was set at po0.05.
Results
Root surface treatment
The pocket depth measurements prior to root debridement for the two treatment groups were similar (Table 1) . The mean time required for hand instrumentation was 2:15 min (range: 1:05-4:15 min). For the second experimental group, the mean time for hand instrumentation amounted to 2:12 min (range: 1:33-3:15 min). Accordingly, the laser treatment was performed for a mean time of 4:24 min.
Planimetric root surface evaluation
Thirty teeth were included for evaluation, providing a total of 60 treated root surfaces. After SRP 93.973.7% and after laser treatment 68.4714.4% (mean 7SD) of the root surfaces were free of any residual mineralized deposits in group 1 Â . When laser treatment was allowed twice the time used for hand instrumentation (group 2 Â ), 83.375.7% of the root surface was devoid of calculus, in contrast to 96.373.5% after hand instrumentation (Fig. 2) . The differences between hand instrumentation and laser treatment were statistically significant for both time settings (Fig. 3) . Laser instrumentation showed statistically superior effectiveness for group 2 Â when compared to group 1 Â . No differences in treatment efficacy could be observed between pockets 45.5 mm and pockets 45.5 mm neither for the laser nor for hand instrumentation (Fig. 4) .
Scanning electron microscopic root surface evaluation
The morphology of the root surface after hand instrumentation appeared smooth, although traces of the curet were seen (Fig. 5A) . Only limited amounts of remaining calculus were present. The scanning electron microscopic investigation of the root surfaces treated with Er:YAG laser revealed a Fig. 2 . Root surface after subgingival laser irradiation. Digital planimetric root surface analysis after staining with methylene blue. The area was determined by the coronal groove of the diamond bur (1), the lateral margins (2) and the coronal border of the connective tissue attachment (3). Residual deposits (n) were located as islands on the root surface. Original magnification 2 Â . rough, acid-etched like surface, interrupted by smooth traces of cementum of about 50 mm width (Fig. 5B ).
Histological root surface evaluation
The histological observation of the root surface revealed 4.3% residual deposits after manual scaling. Following laser treatment, 30.2% residual deposits were observed in group 1 Â and 22.7% in group 2 Â . The laser-treated tooth surfaces exhibited no dentin exposition but rather a minimal reduction of cementum for both groups. In contrast, 73.2% of the dentin was denuded from the cementum after hand instrumentation (Figs. 6 and 7).
Microbiological findings
The findings for culture and DNA probe analysis of selected periopathogenic bacteria are summarized in Table 2 .
There was a similar reduction of subgingival bacteria Porphyromonas gingivalis, Prevotella intermedia, Bacteroides forsythus and Treponema denticola after laser treatment and after hand instrumentation. There were no apparent differences between culture and DNA probe analysis.
Discussion
The present clinical study enabled the direct comparison of laser-irradiated and conventionally treated root surfaces by computer-assisted planimetry and light microscopic evaluation for the accurate measurements of residual deposits. The manual root debridement resulted in an almost complete removal of subgingival calculus and is in agreement with other clinical studies (Eaton et al. 1985 , Buchanan & Robertson 1987 , Brayer et al. 1989 , Sherman et al. 1990 , Yukna et al. 1997 . Less favorable results reported by other studies could be related to the different approaches to measure residual deposits (Rabbani et al. 1981 , Caffesse et al. 1986 , Breininger et al. 1987 . The direct comparison of the effectiveness of hand instrumentation and laser irradiation revealed that the laser treatment was not as efficient as the conventional approach if the same time for debridement was allowed. The calculus removal by laser treatment was significantly improved by allowing twice the time that was used for hand instrumentation although it did not reach equivalent results. We did not Fig. 3 . Results of planimetric root surface evaluation of all analyzed root surfaces (n 5 60). The graph shows the calculus-free area (%) after laser and manual instrumentation. Brackets indicate statistical significant differences between groups (unpaired-samples t-test, po0.05) and treatments (paired-samples t-test, po0.05). Fig. 4 . Results of planimetric root surface evaluation for sites of different probing depth. There was no statistically significant difference in the effectiveness (calculus-free area (%)) of laser and hand instrumentation between pockets 45.5 mm and pockets 45.5 mm (unpairedsamples t-test, p40.05). find significant differences for calculus removal for shallow or deep pockets either for hand instrumentation or for laser treatment. This result is in agreement with other studies on mechanical debridement (Buchanan & Robertson 1987 , Sherman et al. 1990 , Yukna et al. 1997 , although some investigators reported significant influence of pocket depth on the effectiveness of calculus removal (Rabbani et al. 1981 , Caffesse et al. 1986 , Brayer et al. 1989 ). Since only single-rooted, easily accessable teeth were included in the present study, pocket depth may have had only limited influence on the outcomes.
During clinical application, the angulation of the laser tip was dictated by the anatomical situation and could not always be used with the desired 201 inclination. Consequently, the energy density of the laser light reaching the root surface and thus its ability to remove mineralized deposits could have become reduced (Folwaczny et al. 2001) . Future studies will have to evaluate whether the effectiveness could be improved by modifications of the tip to increase light transmission onto the root surface and/or by increased energy settings. However, in vitro studies clearly indicated that upregulation of the energy density was associated with the ablation of the root cementum and severe changes of the root morphology (Gaspirc & Skaleric 2001) . This is, to our knowledge, the first study that investigated the effectiveness of Er:YAG laser treatment to remove mineralized deposits from a periodontally involved root surface in a clinical situation. Although we observed considerable calculus removal by the Er:-YAG laser, the clinical effectiveness was less than for hand instrumentation and more time consuming. On the other hand, our histometric analyses confirmed the extensive cementum removal caused by hand instruments and the consequent dentin exposure (Coldiron et al. 1990 , Ritz et al. 1991 . This gives way to dentin hypersensibility and caries lesions (Adriaens et al. 1988 , Haugen & Johansen 1988 , Pashley et al. 1996 . In contrast, under the settings used in the present study, our histologic analyses of laser treated root surfaces did not show any exposure of dentin.
The ultrastructural evaluation of the laser-treated root surfaces revealed an irregular surface possibly due to superficial ablation of cementum as described . Undecalcified ground section of root surfaces treated by laser irradiation (left) and hand instrumentation (right). Bur marks and apical end of instrumentation are indicated by arrows. Note the complete removal of cementum after hand instrumentation in contrast to preserved cementum layer after laser irradiation. Magnification 2 Â . Fig. 7 . Results of the histological root surface measurements for the distances of cementum, exposed dentin and residual deposits expressed as percent of the root surface instrumented by scaling or laser treatment.
by other investigators (Fujii et al. 1998 , Armengol et al. 1999 , Aoki et al. 2000 . However, the optimal surface structure of a treated root surface for most favorable periodontal wound healing is yet unknown (Pameijer et al. 1972 , Adelson et al. 1980 , Blomlof et al. 1987 , Nyman et al. 1988 , Spencer et al. 1992 , Oberholzer & Rateitschak 1996 . In the light of the observed minimal invasive character, the laser might be well suited to be an alternative treatment approach for the maintenance phase of periodontal therapy, when subgingival plaque removal rather than excessive root debridement is required (Axelsson et al. 1991) . Therefore, future studies should address the clinical value of laser treatment during supportive periodontal care.
The present study confirmed for the first time in vivo the antibacterial capacity of the Er:YAG laser that has been shown in vitro (Ando et al. 1996 , Folwaczny et al. 2002 . This reduction of the bacterial load was associated with considerable amounts of residual calculus. This has to be taken into account when the results of short-term clinical studies are interpreted (Schwarz et al. 2001a, b) . Favorable short-term healing as assessed by clinical parameters could be merely a reflection of a transient reduction of the bacterial load after laser treatment. Since residual subgingival deposits may favor bacterial recolonization (Leknes et al. 1994 , Leknes 1997 , only a long-term follow-up of patients can show whether subgingival laser irradiation can result in long-term periodontal stability as it has been shown for hand instrumentation (Lindhe et al. 1984) .
In conclusion, the present study could demonstrate the capacity of an Er:YAG laser to remove calculus in a clinical situation. The effectiveness was low compared to SRP but could be improved by longer treatment periods. The effective removal of mineralized deposits by hand instruments from the root surface was accompanied by the removal of the cementum, while the laser treatment induced only minimal morphological changes to the cementum. These observations may indicate a potential usefulness of the Er:YAG laser during supportive periodontal care that has to be proven in future clinical studies. Future studies should also evaluate whether the effectiveness for calculus removal can be increased with higher energy settings and/or the combination with newly developed laser fluorescence techniques for the selective detection of subgingival calculus. Table 2 . Number of CFU/ml for specific species in subgingival samples from sites before and after treatment with the Er:YAG laser or hand instruments (SRP).
C 5 identification by selective culture methods, M 5 identification by DNA hybridization (Mikrodent-Kit, Hain Diagnostika, Nehren, Germany). Internal standardization enables the expression as CFU/ml. The numbers indicate the log number of every microorganism. The data are not linked to the specific sites (Data presentation adapted from Mombelli et al. 1995 , Bollen et al. 1998 . The darker the shadowing of the boxes, the higher the amount of bacteria. 
